The ever growing increase of CO 2 concentration in the atmosphere is one of the main causes of global warming. Thus, CO 2 activation and conversion towards valuable added compounds is a major scientific challenge. A new set of Au/δ-MoC and Cu/δ-MoC catalysts exhibits high activity, selectivity, and stability for the reduction of CO 2 to CO with some subsequent selective hydrogenation towards methanol. Sophisticated experiments under controlled conditions and calculations based on density functional theory have been used to study the unique behavior of these systems. A detailed comparison of the behavior of Au/β-Mo 2 C and Au/δ-MoC catalysts provides evidence of the impact of the metal/carbon ratio in the carbide on the performance of the catalysts. The present results show that this ratio governs the chemical behavior of the carbide and the properties of the admetal, up to the point of being able to switch the rate and mechanism of the process for CO 2 conversion. A control of the metal/carbon ratio paves the road for an efficient reutilization of this environmental harmful greenhouse gas.
Introduction
It is nowadays well-accepted that the vast and exceeding emissions derived from human activities related to fossil fuels 1 have led to an excessive concentration of carbon dioxide (CO 2 )
in the atmosphere with concomitant problems in the environment. 2 Consequently, to mitigate the resulting harmful effects, CO 2 capture, storage, and, specially, its conversion to valuable fuels and precursors have become an urgent need. Many studies have been carried out in order to provide an effective capture and sequestration of CO 2 although it seems clear that the efforts must be routed towards the potential use of CO 2 as an economical feedstock. 3, 4 Within the framework of CO 2 conversion, 5 several routes for CO 2 reduction towards carbon monoxide (CO), methanol (CH 3 OH), and hydrocarbons are possible. In this respect, CO 2 reduction to CO has become an interesting option since the CO thus produced could be used as feedstock in the Fisher-Tropsch synthesis of fuels or as the starting point for the production of chemicals or commodity goods in the industry.5 -8 Since a fraction of the CO 2 in the atmosphere could be used the corresponding calculations, the two outermost layers were relaxed and the two bottommost fixed. For the clean surface, previous studies showed that using thicker slabs leads to structural and energetic properties variations below 5%. 39 In all models, a vacuum region with a width larger than 10 Å is added in the direction perpendicular to the surface.
The density functional theory (DFT) based calculations employed the Perdew-BurkeErzerhof (PBE) functional 40 and were carried out using the Vienna Ab initio Simulation Package (VASP). 41 The valence electron density is expanded in a plane-wave basis set with a cut-off of 415 eV for the kinetic energy and the effect caused by the core electrons on the valence region is described by the projector augmented wave method of Blöchl, 42 as implemented by Kresse and Joubert. 43 A 3×3×1 grid of special k-point within the Monkhorst-Pack 44 scheme was used for the necessary integration steps in the reciprocal space. The threshold for electronic relaxation was less than 10 -5 eV and relaxation of the atomic positions was allowed until forces acting on the atoms are always smaller than 0.01 eV Å -1 . Transition state structures have been located using the DIMER method 45 and fully characterized via pertinent frequency analysis of the modes related to the adsorbate within the harmonic approximation. Hence, vibrational frequencies obtained from the diagonalization of the pertinent block of the Hessian matrix whose elements are computed as finite differences of analytical gradients. All adsorption energy values and energy barriers have been corrected to account for the zero point energy within the harmonic approximation.
In order to provide better comparison to experiment, the Gibbs free energy (ΔG) profile for the reaction pathways of interest have also been obtained thus allowing taking into account temperature and pressure effects. The Gibbs free energy has been calculated following the approximate procedure proposed by Nørskov et al. 46 summarized in Eq. 1 below
where the ∆ ! is the free energy of a step A, ∆ ! is the enthalpy change associated to the step A and , in absence of mechanical work, approximated by the corresponding change in total energy, T is the absolute temperature, and ! and ! are the entropy of the products and reactants for step A. In practice, the entropy of gas phase species is computed by taking into account all contributions to the partition function with the assumption of rigid rotor and harmonic frequencies whereas it is customary to neglect the entropy of adsorbed species. This implies the main changes in going from the total energy to Gibss free energy profiles involves adsorption and desorption steps. In this paper the free energy profiles have been carried out taking into account the entropy of all gas phase species. For the adsorbed species, the entropy ( ! ! )
contributions have been calculated as in Eq. 2, while neglecting the remaining (rotation and translation) degrees of freedom
.
where ! corresponds to the harmonic vibrational frequency of the i th vibrational degree of freedom, and ! and ℎ are the Boltzmann and Planck constants, respectively. In the present work, all calculated frequencies have been taken into account to compute the zero point energy and the corresponding contribution to entropy. Nevertheless, note that, as pointed out by Nørskov et al., 46 only frequencies smaller than 50 cm -1 significantly affect the entropy contribution to the Gibbs free energy.
Results and discussion
Experiments Figure 1 collects data for the hydrogenation of CO 2 on the bare TiC(001), δ-MoC, and orthorhombic β-Mo 2 C(001) surfaces. 17, 28 On the TMCs with a metal/carbon ratio of one, left-side panel in Figure 1 , we detected only the production of CO and methanol. In contrast, on a metal carbide with a metal/carbon ratio of two, β-Mo 2 C(001) in the right-side panel of Figure 1 , there was production of a large amount of methane in addition to CO and methanol. This difference in selectivity reflects variations in the bonding modes of CO 2 on the different carbides. 17, 28 In general, a decrease in the metal/carbon ratio in a carbide usually reduces the reactivity of the system as a consequence of electronic ⎯a raise in the positive charge on the metal centers⎯ and structural effects⎯ a reduction in the number of metal centers exposed on the carbide surface. 47, 48 Theoretical calculations indicate that CO 2 adsorbs molecularly on TiC(001) and δ-MoC(001). 17, 27, 28 The cleavage of a C-O bond occurs only after hydrogenation of the molecule and formation of a COOH intermediate. 28 On the other hand, one of the C-O bonds in carbon dioxide dissociates rather easily on β-Mo 2 C(001), and dissociation of the second requires only a relatively small activation barrier. 17, 26, 49 The C deposited on this carbide is hydrogenated to produce methane. 17, 26 The catalytic performance of metal carbides can be enhanced by adding transition or noble metals to their surfaces.5 ,23,28-31 Au and Cu adatoms undergo electronic perturbations when in contact with TMC(001) surfaces. 29 Results of scanning tunneling microscopy (STM) indicate that at small coverages (θ < 0.2 ML), Au and Cu grow on TiC(001) forming very small particles, many of them two-dimensional. [50] [51] [52] Although bulk metallic gold is not catalytically active, small particles of this element in contact with TiC(001) display an extraordinary activity for desulfurization reactions, 51 CO oxidation, 53 and the water-gas shift reaction. 54 On the basis of these previous studies, we tested the CO 2 hydrogenation ability of catalysts generated by depositing Au and Cu on the carbide surfaces shown in Figure 1 . . These results show that the metal/carbon ratio in the transition metal carbide is critical if one is aiming for a catalyst with good activity, selectivity, and stability for the reduction of CO 2 to CO. In the rest of the article, we will focus our attention on carbide catalysts containing a one-to-one metal/carbon ratio: δ-MoC and TiC. Figure 5 shows the effects of Au and Cu coverage on the activity for CO production of δ-MoC and TiC(001) systems. On both carbide surfaces, the deposition of Cu produces the best catalysts. A maximum of catalytic activity is seen at admetal coverages of 0.2-0.25 ML. An identical result was obtained after plotting the rate for the production of methanol instead of the rate for the production of CO. One can correlate the results obtained for Cu/TiC(001) and Au/TiC(001) with particle size distributions found in STM. [50] [51] [52] The largest rate of CO (or methanol) production per admetal atom was seen at coverages below 0.2 ML when many of the admetal particles are very small (< 1 nm) and two-dimensional. kcal/mol, than clean δ-MoC, 18 kcal/mol, or plain Cu(111), 37 22 kcal/mol. From the data in Figure 6 , one can conclude that the Cu/δ-MoC system has unique properties for the reduction of CO 2 into CO. The bare δ-MoC material presents worst activity than a model of a commercial Cu/ZnO catalysts, 37 but upon the addition of a small amount of Cu one obtains a remarkable catalyst for the reduction of CO 2 . In fact, Au/δ-MoC also exhibits a better activity than Cu/ZnO, although its performance is not as good as that of Cu/δ-MoC.
In the metal/carbide catalysts in Figure 6 , the rate for CO formation was 10 2 -10 3 times faster than the rate for methanol synthesis. Nevertheless, all these catalysts displayed an activity for methanol synthesis which was much larger than that of Au(111), Cu(111) or a Cu/ZnO catalyst ( Figure 7 ). In this aspect, Cu/δ-MoC is clearly the best catalyst among the catalysts studied. The apparent activation energy decreases from 25 kcal/mol on Cu(111) 37 to 16 kcal/mol on Cu/ZnO(000ī) 37 and to only 10 kcal/mol on Cu/δ-MoC. This surface has a catalytic activity that is 8-11 times higher than that of Cu/ZnO(000ī) 37 illustrating the advantage in using a carbide as a metal support. Since catalytic activity of Cu/δ-MoC is much larger than that of Cu(111) or δ-MoC, it is likely that there is a synergy in the copper-carbide interface that favors the adsorption and transformation of CO 2 . A similar phenomenon is probably occurring in the goldcarbide interface.
In Table 1 , the apparent activation energies for CH 3 OH and CO formation on a given surface have similar values suggesting that CO formation constitutes the rate limiting step in all the metal/carbide systems. Accordingly, CO is likely to be formed first and a fraction of it further converted into CH 3 OH through selective hydrogenation steps.
Computational study
To better understand the chemistry involved in the experiments described above for Cu/MoC based catalysts, DFT based calculations have been carried out on a series of systems using δ-MoC(001) and Cu 4 /δ-MoC(001) as appropriate models of the catalysts using in experiments. As already commented, the choice for the δ-MoC (001) surface comes from the fact that it constitutes the most stable phase, 39 and consequently, it is likely to be the most exposed surface in the experimental polycrystalline catalysts.
In a previous work, DFT studies showed that on clean δ-MoC (001) the CO 2 molecules adsorbs through the C atom on above the three-fold hollow site formed by two Mo and one C atoms. In this adsorption mode, the CO 2 molecule is activated and C=O bonds are elongated, 17 a feature also exhibited by other TMCs. 27 Nevertheless, CO 2 direct dissociation is not favored since it involves a large energy barrier of 1.41 eV. A large energy barrier is also found for CO 2 dissociation on a TiC(001) substrate. 33 On the other hand, CO 2 dissociates almost spontaneously into CO on a β-Mo 2 C(001) surface. 17 As mentioned above, a decrease in the metal/ carbon ratio when going from β-Mo 2 C(001) to δ-MoC(001) reduces the reactivity of the surface due to an increase in the positive charge on the Mo centers and structural changes that lower the number of exposed Mo atoms. 17, 47, 48 The reduction in the reactivity towards CO 2 is accompanied by a reduction in the binding energy of O adatoms 17 which is crucial for avoiding deactivation by the formation of an oxycarbide on the catalyst surface. Thus, the metal/carbon ratio plays a key role for defining the activity, selectivity and stability of δ-MoC(001) as a catalytic material.
The energy profile in Figure 8a explores various particular elementary steps of interest for the full reaction map of CO 2 hydrogenation on bare δ-MoC(001) and aims at providing the main trends of the underlying molecular mechanism. Figure 8a shows that CO can be generated through initial CO 2 hydrogenation to COOH entailing an energy barrier of 0.78 eV only; i.e. ~0.6 eV lower than direct dissociation. In principle, direct hydrogenation of CO 2 to formate (HCOO) could also occur but this involves a much higher energy barrier ( 58 or kinetic Monte Carlo 59 algorithms. Nevertheless, it is worth pointing out that kinetic experimental data and the theoretical energy barriers show similar trends. In the particular case of CO 2 hydrogenation to methanol both experiment and computational models are in qualitative agreement indicating that it proceeds through CO formed in an initial step. This is also the case for CO 2 hydrogenation on Cu/δ-MoC systems as commented below.
The energy profiles in Figure 8a indicate that, at 0 K, H 2 O and CH 3 OH desorption processes are likely to slow down the yield since desorption involves barriers of ~0.8 eV.
Furthermore, the energy difference between adsorbed reactants (CO 2 * + 6H*) and the gas phase desorbed products is around 2 eV indicating that, despite the fact that methanol synthesis is exothermic, the overall process is not favored. In order to gather information for the process under more realistic conditions, Figure 8b shows the Gibbs free energy profile for CO 2 hydrogenation to methanol on the clean δ-MoC(001) at the minimum and maximum temperatures (500 and 600 K) used in the experiments, and also at different pressures (1 and 5 atm). Note that the Gibbs free energy barriers in the profiles in Figure 8b are identical to those reported in Figure 8a , at 0 K. This is because calculated Gibbs free energy values neglect the entropic contributions from adsorbed species, results in Figure S1 and Table S1 in the supporting information show that including these effects lead to variations on the energy barriers which are less than 0.1 eV. Consequently, the Gibbs free energy profiles for the Cu/δ-MoC system neglect the entropic contributions of adsorbed species. From the results in Figure 8 it is clear that CO 2 hydrogenation to methanol at 0 K is exergonic whilst at 500 and 600 K the process becomes endergonic. However, the effect of temperature is crucial to favor H 2 O and CH 3 OH desorption.
On the other hand, pressure effects affect adsorption and desorption thus facilitating methanol and water production.
To investigate the very large effect observed in the experiments when small Cu clusters are supported on δ-MoC, a computational model with a Cu 4 distorted rhombus structure supported on a δ-MoC(001) slab surface model was selected to represent the Cu/δ-MoC system. This choice is justified from the experimental evidence that the Cu clusters on the Cu/δ-MoC system are small and from previous theoretical studies on several similar systems providing evidence that, in spite of some limitations due to the choice of the size of the supported clusters, these models describe the tendencies observed by experiments, [50] [51] [52] 54 In fact, a recent study of the interaction of CO 2 with different Cu clusters of different size⎯ including Cu 4 , Cu 7 , Cu 10 , and a Cu monolayer⎯ supported on β-Mo 2 C shows that adsorption energies and energy barriers exhibit some dependence with size but the main trends remain unchanged. 26 It is worth pointing out that previous work reported that for the supported Cu cluster, a 3D pyramid structure is degenerate in energy with a 2D distorted rhombus. 38 However, the present DFT calculations show that upon CO 2 and CO adsorption on the supported Cu 4 pyramidal cluster triggers isomerization to rhombus geometry. Furthermore, the most stable structures of adsorbed CO 2 or CO also correspond to the supported Cu 4 rhombus. The interaction between the supported Cu 4
cluster and the δ-MoC support triggers some charge transfer from the metal to C surface atoms in such a way that the Cu cluster becomes slightly oxidized (Cu δ+ cluster). This is contrary to what has been found for Cu clusters deposited on Mo-terminated β-Mo 2 C(001) surfaces where the Cu cluster is slightly reduced. 38 Furthermore, the DFT calculated adsorption energy for CO 2 on a Cu 4 cluster supported on δ-MoC(001) is ~ 0.6 eV, whereas the CO 2 adsorption energy on the same Cu 4 cluster supported on β-Mo 2 C(001) is ~ 0.1 eV only. 38 Here, an impact of the metal/carbon ratio of the carbide on the properties of the supported system is clearly observed; it changes the chemical nature of the supported metal cluster opening a completely different reactivity. Note also that the interaction between CO 2 and the Cu 4 cluster supported on the δ-MoC(001) surface is ~0.6 eV, slightly smaller than on the clean surface (~0.8 eV). Nevertheless, this difference is small enough to have both types of sites occupied, especially at large coverage where most of the sites of the clean surface will be already occupied.
Let us now describe the essential results for CO 2 hydrogenation on the Cu 4 cluster supported on δ-MoC(001). (111) or Cu(100). 37 Thus, on the Cu/δ-MoC system, there is synergy between the components of the catalyst and CO production is easier (and likely faster) than on the clean surface, in agreement with the experimental observations (Figures 6 and 7) . On the other hand, Figure 9b confirms the role of the supported Cu cluster in providing an alternative reaction pathway since here CO is produced from direct dissociation of CO 2 rather than from prior formation of the COOH intermediate and its subsequent dissociation which is the preferred pathway on the clean δ-MoC(001) surface. It is worth pointing out that on the supported cluster, at variance of the clean surface, direct CO 2 hydrogenation to formate (HCOO) is likely to occur. This is not unexpected since formate is typically observed on CO 2 hydrogenation using Cu as catalysts. [60] [61] [62] Nevertheless, formate decomposition to the HCO intermediate is very unlikely since it is endothermic by 1.4 eV and HCOO hydrogenation towards formic acid or dioxymethylene (H 2 COO) ⎯as previous step of H 2 CO formation 26, 56 ⎯ presents large energy barriers; 1.40 eV to H 2 COO formation. Clearly, reaction pathways via formate can be discarded and this species will at most behave as an spectator perhaps poisoning the surface.
On the Cu 4 /δ-MoC(001) model system, following the first crucial step involving CO 2 dissociation, which represents the main difference with respect to the clean δ-MoC(001) surface, the overall computational study shows that the reaction proceeds at the clean surface via the HCO intermediate (Figure 9c ). It is worth pointing out that, while CO is produced mostly at the supported cluster ⎯and also partly at the clean surface⎯ some of the further hydrogenation steps are facilitated by the presence of the support. In fact, compared to the clean surface, CO hydrogenation at Cu and Cu-Mo interface sites entails a higher energy barrier (~0.95 eV). Note that even if a direct comparison is not possible, this energy barrier probably would increase the apparent activation energy, which is not observed on the experiments. Therefore, one must accept that the CO produced on Cu 4 /MoC(001) would diffuse to clean surface region.
Calculations show that this is indeed thermodynamically favorable since adsorption at sites of the clean surface (E ads = -1.91 eV) is preferred to adsorption at Cu sites (E ads = -1.15 eV) and the calculated diffusion energy barriers from the supported cluster to the surface clean region are much smaller. Besides its relevant role on triggering CO 2 dissociation, Cu 4 and the Cu-MoC interface sites also play a crucial role on several hydrogenations steps. For instance, the energy barrier of H 2 CO formation from HCO is reduced from 0.67 eV on the bare surface to 0.49 eV (Figure 9d ), and subsequent hydrogenation to H 3 CO is also more favorable at Cu sites; the energy barrier decreases from 0.85 eV on the bare surface to 0.66 eV at Cu sites of the supported cluster ( Figure 9e ). The profiles for last hydrogenation to methanol are also displayed on Figure   9f and imply an energy barrier higher than on the bare surface (0.53 eV). This is, however, lower than the energy barriers for the previous steps and, furthermore, methanol could also be formed on the clean region. Finally, note that temperature and pressure effects affect mainly the desorption step which becomes more favorable. Overall, as a result of metal-support interactions and a synergy at the metal-carbide interface, Cu/ δ-MoC is an excellent catalyst for the activation of CO 2 . processes.
Conclusions
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